Hypertriglyceridemia results from increased production and decreased clearance of triglyceride-rich very low-density lipoproteins, a pathological condition that accounts for heightened risk of ischemic vascular diseases in obesity and type 2 diabetes. Despite its intimate association with insulin resistance, whether hypertriglyceridemia constitutes an independent risk for beta cell dysfunction in diabetes is unknown. Answering this fundamental question is stymied by the fact that hypertriglyceridemia is intertwined with hyperglycemia and insulin resistance in obese and diabetic subjects. To circumvent this limitation, we took advantage of apolipoprotein C3 (ApoC3)-transgenic mice, a model with genetic predisposition to hypertriglyceridemia. We showed that ApoC3-transgenic mice, as opposed to age/sexmatched wild-type littermates, develop hypertriglyceridemia with concomitant elevations in plasma cholesterol and non-esterified fatty acid levels. Anti-insulin and anti-glucagon dual immunohistochemistry in combination with morphometric analysis revealed that ApoC3-transgenic and wild-type littermates had similar beta cell and alpha cell masses as well as islet size and architecture. These effects correlated with similar amplitudes of glucosestimulated insulin secretion and similar degrees of postprandial glucose excursion in ApoC3-transgenic versus wild-type littermates. Oil Red O histology did not visualize lipid infiltration into islets, correlating with the lack of ectopic triglyceride and cholesterol depositions in the pancreata of ApoC3-transgenic versus wild-type littermates. ApoC3-transgenic mice, despite persistent hypertriglyceridemia, maintained euglycemia under both fed and fasting conditions without manifestation of insulin resistance and fasting hyperinsulinemia. Thus, hypertriglyceridemia per se is not an independent risk factor for beta cell dysfunction in ApoC3 transgenic mice.
Hypertriglyceridemia results from increased production and decreased clearance of triglyceride-rich very low-density lipoproteins, a pathological condition that accounts for heightened risk of ischemic vascular diseases in obesity and type 2 diabetes. Despite its intimate association with insulin resistance, whether hypertriglyceridemia constitutes an independent risk for beta cell dysfunction in diabetes is unknown. Answering this fundamental question is stymied by the fact that hypertriglyceridemia is intertwined with hyperglycemia and insulin resistance in obese and diabetic subjects. To circumvent this limitation, we took advantage of apolipoprotein C3 (ApoC3)-transgenic mice, a model with genetic predisposition to hypertriglyceridemia. We showed that ApoC3-transgenic mice, as opposed to age/sexmatched wild-type littermates, develop hypertriglyceridemia with concomitant elevations in plasma cholesterol and non-esterified fatty acid levels. Anti-insulin and anti-glucagon dual immunohistochemistry in combination with morphometric analysis revealed that ApoC3-transgenic and wild-type littermates had similar beta cell and alpha cell masses as well as islet size and architecture. These effects correlated with similar amplitudes of glucosestimulated insulin secretion and similar degrees of postprandial glucose excursion in ApoC3-transgenic versus wild-type littermates. Oil Red O histology did not visualize lipid infiltration into islets, correlating with the lack of ectopic triglyceride and cholesterol depositions in the pancreata of ApoC3-transgenic versus wild-type littermates. ApoC3-transgenic mice, despite persistent hypertriglyceridemia, maintained euglycemia under both fed and fasting conditions without manifestation of insulin resistance and fasting hyperinsulinemia. Thus, hypertriglyceridemia per se is not an independent risk factor for beta cell dysfunction in ApoC3 transgenic mice.
Hypertriglyceridemia, characterized by elevated plasma triglyceride (TG) 5 levels, results from increased production and/or decreased clearance of TG-rich very low-density lipoproteins (VLDL-TG) (1, 2) . Preclinical and clinical studies characterize hypertriglyceridemia as a major risk factor for ischemic vascular diseases (3) (4) (5) (6) (7) (8) . Hypertriglyceridemia is a hallmark of diabetic dyslipidemia in insulin-resistant subjects with visceral obesity or type 2 diabetes (7, 9 -11) . To date, it remains unknown whether hypertriglyceridemia constitutes an independent risk for beta cell dysfunction in obesity and type 2 diabetes.
Critical for plasma TG metabolism is ApoC3, an apolipoprotein (79 amino acids in length) that is produced mainly in the liver and to a lesser extent in the intestine (12) . Plasma ApoC3 proteins are present predominantly in TG-rich lipoproteins such as VLDL and chylomicrons (13) . ApoC3 exerts its impact on TG metabolism by three distinct mechanisms. First, ApoC3 functions as an inhibitor of hepatic and lipoprotein lipases, key enzymes that catalyze the hydrolysis of TG in VLDL and chylomicrons (14 -16) . Second, ApoC3 acts to retard ApoE-mediated hepatic uptake of TG-rich lipoproteins (17, 18) . Third, ApoC3 serves to facilitate VLDL-TG assembly and secretion from the liver (19 -22) . As a result, elevated plasma ApoC3 levels are associated with augmented production and retarded clearance of TG-rich particles, characteristic of hypertriglyceridemia. This is evidenced in insulin-resistant subjects with elevated ApoC3 production and altered TG metabolism (23) (24) (25) (26) (27) (28) (29) (30) . Mice with apoC3 transgenic production develop hypertriglyceridemia (31) . In contrast, mice with apoC3 gene knock-out manifest hypotriglyceridemia, due to enhanced TG hydrolysis and clearance of TG-rich lipoproteins (32) (33) (34) . Human subjects with loss-of-function mutations in APOC3 are associated with significantly decreased plasma TG levels and reduced risk of cardiovascular disease (35) (36) (37) .
Both hepatic and intestinal apoC3 expression is inhibited by insulin (25, 38, 39 ). An impaired ability of insulin to inhibit apoC3 gene expression results in ApoC3 overproduction, contributing to the pathogenesis of hypertriglyceridemia in insu-lin-resistant subjects with obesity and type 2 diabetes (14, 25, 28) . Although hypertriglyceridemia constitutes an independent risk for coronary artery disease, it remains unknown whether hypertriglyceridemia per se is a predisposing factor for beta cell dysfunction. Due to the intangible association of hypertriglyceridemia with hyperglycemia and insulin resistance in obesity and type 2 diabetes, it has been difficult to separate the effect of hypertriglyceridemia from that of hyperglycemia on beta cell function in vivo. Thus, it remains an open question as to whether hypertriglyceridemia is an independent risk factor for beta cell dysfunction in obesity and type 2 diabetes. To circumvent this limitation, we resorted to ApoC3 transgenic mice, an animal model with spontaneous development of hypertriglyceridemia, but without altered glucose metabolism. As a result, ApoC3-transgenic mice offer an ideal model for examining the net effect of hypertriglyceridemia on beta cell function in the absence of hyperglycemia or insulin resistance. In this study, we determined the effect of prevailing hypertriglyceridemia on beta cell mass and function, as well as on basal and glucosestimulated insulin secretion in correlation with glucose and lipid metabolism in ApoC3-transgenic mice. We hypothesized that chronic hypertriglyceridemia would sabotage beta cell function and perturb glucose-stimulated insulin release in ApoC3-transgenic mice.
Experimental Procedures
Animal Studies-Transgenic mice expressing human APOC3 in the C57BL/6J background have been described (31, 40, 41) . Mice were fed standard rodent chow and water ad libitum in sterile cages with a 12-h light/dark cycle in a pathogen-free barrier facility. To determine blood glucose and plasma insulin levels, mice were fasted for 16 h and tail vein blood was sampled. Blood glucose levels were measured, using a Glucometer Elite (Bayer, IN). Plasma insulin levels were determined, using the ultrasensitive mouse insulin enzyme-linked immunosorbent assay (ALPCO, Windham, NH). The homeostasis model for insulin resistance (HOMA-IR) was determined by multiplying fasting blood glucose (mmol/liter) and fasting plasma insulin (IU/ml) levels, divided by 22.5, as described (42) . Plasma levels of TG and cholesterol were determined using Thermo Infinity TG and cholesterol reagents (ThermoFisher Scientific, Middletown, VA). Plasma non-esterified fatty acid (NEFA) levels were determined using the Wako NEFA assay kit (Wako Chemical, Richmond, VA). All procedures were approved by the Institutional Animal Care and Use Committee of University of Pittsburgh.
Glucose Tolerance Test-Mice were fasted for 16 h, followed intraperitoneal injection of glucose (2 g/kg). Blood glucose levels were determined before and at different times after glucose administration.
Glucose-stimulated Insulin Secretion-Aliquots (25 l) of tail vein blood were sampled at 0, 15, and 30 min after intraperitoneal injection of glucose (2 g/kg) to 16-h fasted mice for determining plasma insulin levels at basal and glucose-stimulated conditions, using the ultrasensitive insulin ELISA (ALPCO, Windham, NH).
Insulin Tolerance Test-Mice were injected intraperitoneally with regular human insulin (1 IU/kg, Eli Lilly and Co., Indianapolis, IN), followed by determination of blood glucose levels.
Islet Isolation and ex Vivo Glucose-stimulated Insulin Secretion-Mice were euthanized, followed by pancreatic intraductal infusion of 3 ml of cold Hank's buffer containing 1.95 mg/ml of collagenase-V (Sigma). The pancreas was procured for islet isolation, as described (43) . To determine ex vivo glucose-stimulated insulin secretion, islets were cultured in RPMI 1640 medium overnight, followed by incubation in Kreb buffer containing 2.8 mM glucose for 30 min. Islets were induced by shifting culture medium from 2.8 to 20 mM glucose concentrations. Aliquots (50 l) of culture medium were collected at 0 and 30 min for determining insulin concentrations, as described (44) .
RNA Isolation and Real-time Quantitative RT-PCR-Total RNA was prepared from the pancreas using the TRIzol Reagent (Invitrogen). Real-time quantitative RT-PCR was used for quantifying mRNA concentrations using the Roche LightCycler-RNA amplification kit (Roche Diagnostics, Indianapolis, IN), as described (45) . As tabulated in Table 1 , all primers were obtained commercially from Integrated DNA Technologies (Coralville, IA).
Immunofluorescent Microscopy-Mice were euthanized after a 16-h fast. The pancreas was retrieved and fixed in 4% paraformaldehyde for 16 h at 4°C, followed by incubation in 30% sucrose overnight at 4°C. Cyrosections (6 m) were cut. Random sections of 100-m distance were preincubated with normal donkey serum, and then immunostained with guinea pig anti-insulin (DAKO, 1:300) and mouse anti-glucagon (Sigma number G2654, 1:500). After washing with PBS buffer containing 0.5% Tween 20, sections were incubated with Cy2-conjugated donkey anti-guinea pig IgG or Cy3-conjugated donkey anti-mouse IgG (Jackson ImmunoResearch Laboratories). The nuclei of cells were stained with 4Ј,6-diamidino-2-phenylindole (DAPI, Sigma), prior to visualization in the Aviovert 200 fluorescent microscope (Zeiss, Oberkochen, Germany).
Determination of Beta Cell and Alpha Cell Masses-Digital images of pancreas sections immunostained by anti-insulin or anti-glucagon antibody were subjected to morphometric analysis using MetaMorph Image Analysis software (Molecular Devices, Downingtown, PA). Beta cell area out of total pancreas area per section was determined in 3-5 non-consecutive sections for determining beta cell mass, as described (46) . Likewise, alpha cell mass was determined and compared between ApoC3-tg and WT groups.
Oil Red O Staining-Pancreas tissues were embedded in the Histoprep tissue-embedding media and snap frozen. Frozen sections (6 m in thickness) were cut and stained with Oil Red O, followed by counterstaining with hematoxylin.
FPLC Fractionation of Lipoproteins-Aliquots (400 l) of plasma pooled from ApoC3-transgenic mice and control littermates were applied to two head-to-tail-linked Tricorn high performance Superose S-6 10/300GL columns using an FPLC system (GE Healthcare), followed by elution with PBS at a constant flow rate of 0.3 ml/min. Fractions (400 l) were eluted for determining TG levels, as described (25, 45) . Aliquots (50 l) of samples corresponding to the peak fractions of VLDL-TG particles were subjected to immunoblot analysis, using rabbit antiApoC3 antibody, as described (41) .
Pancreatic TG Content-Pancreatic tissues (20 mg) were homogenized in 400 l of HPLC-grade acetone. After incubation with agitation at room temperature overnight, aliquots (50 l) of acetone-extracted lipid suspension were used for the determination of triglyceride concentrations using the Infinity triglyceride reagent (ThermoFisher Scientific). Pancreatic fat content was defined as milligrams of triglyceride per g of total pancreatic proteins. Similarly, freshly isolated islets (n ϭ 100 islets per mouse) from ApoC3-transgenic and WT mice were used for measuring intra-islet TG content.
Pancreatic Cholesterol Content-Pancreatic tissues (20 mg) were homogenized in 400 l of hexane:isopropyl alcohol (3:2 in volume). Aliquots (50 l) of hexane:isopropyl alcohol-extracted cholesterol suspension were used for determining cholesterol concentration using the Infinity cholesterol reagent (ThermoFisher Scientific). Hepatic cholesterol content was defined as milligrams of cholesterol per g of total pancreatic proteins.
Low-dose Streptozotocin Treatment-Mice were intraperitoneally injected daily with streptozotocin (STZ) at a low dose of 50 mg/kg for 5 consecutive days. Prior to and after STZ treatment, body weight and blood glucose levels were measured under non-fasting conditions. FIGURE 1. ApoC3-transgenic mice develop hypertriglyceridemia. ApoC3-transgenic and WT littermates (male, n ϭ 8/group) were monitored for weight gain for 7 months. At different months, mice were fasted for 16 h for the determination of plasma TG, cholesterol, and NEFA levels. A, body weight. B, plasma TG levels. C, plasma cholesterol levels. D, plasma NEFA levels. E, sera of ApoC3-tg and WT littermates. Sera in capillary tubes were visualized under light. *, p Ͻ 0.005 versus WT. FIGURE 2. ApoC3-transgenic mice exhibit abnormal VLDL-TG and VLDLcholesterol metabolism. Aliquots (400 l) of plasma pooled from ApoC3-transgenic and WT littermates (male, n ϭ 8/group, 7 months old) were fractionated by gel filtration in a FPLC system. Fractions (400 l) were eluted for the determination of TG levels (A) and cholesterol levels (B). Aliquots of VLDL-TG peak fractions (50 l) were subjected to immunoblot analysis for determining ApoC3 protein levels, as shown in the inset in A. *, p Ͻ 0.005 versus WT.
TABLE 1 Primers used for real-time quantitative RT-PCR assay
All nucleotide sequences are in 5Ј to 3Ј orientation and purchased from Integrated DNA Technologies (Coralville, IA).
Name
Nucleotide sequence
Pancreatic Insulin Content-Mice were euthanized for the procurement of the pancreas. The pancreas was homogenized in 800 l of acid ethanol (0.15 M HCl in 70% ethanol) in 2-ml microtubes, followed by incubation at 4°C overnight to extract insulin. After centrifugation at 14,000 rpm in a microcentrifuge for 10 min, the supernatants were used for the determination of insulin, using the ultrasensitive mouse insulin enzyme-linked immunosorbent assay (ALPCO, Windham, NH).
Statistics-Statistics of data were analyzed by Student's t test and were further validated by analysis of variance using the JMP statistics software (Cary, NC). Dunnett's post hoc tests were performed to determine the significance between ApoC3-transgenic and WT groups. Data are expressed as mean Ϯ S.E. p values Ͻ0.05 were considered statistically significant.
Results

Characterization of Lipid and Lipoprotein Metabolism in
ApoC3-transgenic Mice-ApoC3-transgenic mice (ApoC3-tg, male, n ϭ 8) and age/sex-matched wild-type littermates (WT, n ϭ 8) grew with a similar weight gain (Fig. 1A) . Compared with WT controls, ApoC3-transgenic mice developed hypertriglyceridemia after weaning. This effect culminated in about 5-fold increases in plasma TG levels (Fig. 1B) , with concomitant elevations in plasma levels of cholesterols (Fig. 1C) and NEFA (Fig.  1D) . As a result, sera from ApoC3-transgenic mice appeared milky (Fig. 1E) .
We then subjected sera from ApoC3-transgenic and WT littermates to gel filtration column chromatography for the fractionation of lipoproteins. ApoC3-transgenic mice had markedly higher levels of VLDL-TG particles, correlating with a 5-fold enrichment of ApoC3 proteins in VLDL-TG particles ( Fig. 2A) . Furthermore, ApoC3-transgenic mice had higher VLDL-cholesterol and LDL-cholesterol levels (Fig. 2B) , characteristic of pro-atherogenic lipoprotein profiles. In contrast, HDL-cholesterol levels remained unchanged in ApoC3-transgenic versus WT littermates (Fig. 2B) .
Effect of Hypertriglyceridemia on Glucose Metabolism and Insulin Sensitivity-To determine the impact of ApoC3-transgenic production on glucose metabolism, we measured blood glucose levels of ApoC3-transgenic and WT littermates (male, n ϭ 8) during a 7-month period. No significant differences in blood glucose levels at both fed and fasting conditions were detected between ApoC3-transgenic and WT littermates (Fig.  3, A and B) . We performed an intraperitoneal glucose tolerance test, demonstrating that ApoC3-transgenic and WT littermates exhibited similar blood glucose profiles in response to glucose challenge (Fig. 3C ). This effect was reproducible at 3, 4, 5, 6, and 7 months of age. During the glucose tolerance test, aliquots of blood (25 l) were sampled for determining plasma insulin levels at 0, 15, and 30 min after glucose injection. ApoC3-transgenic and WT littermates had similar basal plasma insulin levels and glucose-stimulated insulin secretion profiles (Fig. 3D) . Likewise, we performed intraperitoneal insulin tolerance test (ITT). No significant differences in blood glucose profiles were detectable between ApoC3-transgenic and WT groups during the insulin tolerance tests (Fig. 3E) . This effect correlated with a lack of changes in whole body insulin sensitivity, as indexed by HOMA-IR (Fig. 3F) . We then isolated islets from ApoC3-transgenic and WT mice, followed by determining the ability of islets to secrete insulin in the presence of low (2.8 mM) and high glucose (20 mM) concentrations in culture. ApoC3-transgenic and WT islets had similar amplitudes of glucose-stimulated insulin secretion (Fig. 3G) .
Blood Glucose and Lipid Metabolism in Female ApoC3-transgenic Mice-We recapitulated the above findings in female ApoC3-transgenic mice. Compared with age/sexmatched WT littermates, female ApoC3-transgenic mice exhibited significantly higher plasma levels of TG (Fig. 4A) , cholesterol (Fig. 4B) , and NEFA (Fig. 4C) , independently of weight gain (Fig. 4D) . These effects were accompanied by the induction of VLDL-TG levels (Fig. 4E) , as well as VLDL-cholesterol and LDL-cholesterol levels, without alterations in HDLcholesterol levels (Fig. 4F) .
Female ApoC3-transgenic mice maintained normal blood glucose levels under fed and fasting conditions (Fig. 4, G and H) . Furthermore, no differences in blood glucose profiles were detectable in female ApoC3-transgenic versus WT littermates during both glucose and insulin tolerance tests (Fig. 4, I and J) . Despite the development of hypertriglyceridemia, ApoC3-transgenic mice maintained normal glucose homeostasis irrespective of the differences in sex. We then focused on male mice to determine the effect of prevailing hypertriglyceridemia on beta cell mass and function.
Effect of Hypertriglyceridemia on Beta Cell Mass and Function-To determine the effect of hypertriglyceridemia on beta cell mass, we performed insulin immunohistochemistry on the pancreas, using anti-insulin and anti-glucagon antibodies (Fig. 5, A and B) . ApoC3-transgenic and WT littermates had similar islet size (Fig. 5C ). Both beta cell and alpha cell masses remained unchanged in ApoC3-transgenic versus WT littermates (Fig. 5, D and E) . Likewise, no significant differences in pancreas weight were seen in ApoC3-transgenic versus WT littermates (Fig. 5F ).
To determine the potential impact of persistent hypertriglyceridemia on beta cell function, we profiled the expression of beta cell genes, whose functions are paramount for beta cell glucose sensing, and insulin synthesis and secretion in 7-month old ApoC3-transgenic and WT littermates (Fig. 5G) . We did not detect significant differences in beta cell expression of insu-FIGURE 3. Impact of ApoC3 transgenic production on glucose metabolism. A, fed blood glucose levels. Fed blood glucose levels were determined in mice under ad libitum conditions. B, fasting blood glucose levels. Fasting blood glucose levels were determined after 16 h fasting. C, glucose tolerance test. Mice were fasted for 16 h, followed by intraperitoneal injection of 2 g/kg of glucose. D, basal and glucose-stimulated insulin secretion. During the glucose tolerance test, aliquots of blood (25 l) were sampled at 0, 15, and 30 min after glucose injection for determining basal and glucose-stimulated insulin release. E, insulin tolerance test. Mice were intraperitoneally injected with 1 IU/kg of insulin, followed by the determination of blood glucose profiles. F, HOMA-IR index. The HOMA-IR was determined by multiplying fasting blood glucose (mmol/liter) and fasting plasma insulin (IU/ml) levels, divided by 22.5. Data were obtained from ApoC3-transgenic and WT littermates (male, n ϭ 8) at 7 months of age. G, glucose-stimulated insulin secretion ex vivo. Aliquots of freshly isolated islets (n ϭ 50 per mouse) from ApoC3-transgenic and WT mice (male, 4-month old, n ϭ 3) were assayed for their ability to secrete insulin in the presence of low (2.8 mM) versus high (20 mM) glucose concentrations in culture. *, p Ͻ 0.05 and **, p Ͻ 0.001 versus WT. NS, not significant. lin gene 1 (ins1) and gene 2 (ins2), correlating with the lack of changes in pancreatic and duodenal homeobox 1 (pdx1), neurogenic differentiation factor (neuroD), forkhead box A2 (foxa2), and v-maf musculoaponeurotic fibrosarcoma oncogene family protein A (mafa), four key transcription factors involved in insulin synthesis and secretion. In keeping with the lack of changes in glucose-stimulated insulin release in ApoC3-transgenic versus WT mice (Fig. 3D) , no significant differences were detected in beta cell expression of glucokinase (gck) and glucose transporter 2 (glut2) (Fig. 5G) , two components instrumental for beta cell glucose sensing (47, 48) .
Effect of Hypertriglyceridemia on Islet Fat Content-To address whether hypertriglyceridemia causes fat infiltration in islets, we performed Oil Red O staining on pancreas tissues from 7-month-old ApoC3-transgenic and WT littermates. No visible lipid droplets were detectable in islets (Fig. 6, A and B) .
To corroborate these studies, we determined pancreatic fat content, demonstrating that ApoC3-transgenic mice had normal TG and cholesterol levels (Fig. 6, C and D) . We reproduced these results in both male and female ApoC3-transgenic mice.
As an additional control, we isolated islets from ApoC3-transgenic and WT littermates, followed by quantification of the intra-islet lipid content. Intra-islet TG content was similar in ApoC3-transgenic versus WT mice (Fig. 6E) .
Contribution of Hypertriglyceridemia to Low-dose STZ-elicited Diabetes in ApoC3-transgenic Mice-To address the hypothesis that the prevailing hypertriglyceridemia would aggravate the deleterious effect of hyperglycemia on beta cell function and accelerate the development of diabetes, we treated ApoC3-transgenic and sex/age-matched WT littermates (12-week-old, n ϭ 8) with once daily intraperitoneal injection of STZ (50 mg/kg) for 5 days, a low-dose STZ regimen that serves to elicit partial beta cell destruction and induce moderate hyperglycemia in mice. We monitored body weight and blood glucose levels in STZ-treated mice for up to 30 days. Although both groups of mice exhibited significantly higher blood glucose levels secondary to insulin deficiency at day 8 post-STZ treatment, the degree of hyperglycemia over time was indistinguishable between ApoC3-transgenic and WT mice (Fig. 7A) . Likewise, no differences were detectable in body weight, plasma insulin levels, residual ␤-cell mass, and pancreas weight between ApoC3-transgenic and WT mice (Fig. 7, B-E) . These effects ensued despite the presence of severe hypertriglyceridemia in ApoC3-transgenic versus WT mice (Fig. 7F) . These results defied our hypothesis that hypertriglyceridemia is a confounding factor in the development of diabetes in insulindeficient ApoC3-transgenic mice following low-dose STZ treatment.
Discussion
Hypertriglyceridemia is the most common lipid disorder in subjects with metabolic syndrome. Hypertriglyceridemia along with its metabolic sequelae of the accumulation of TG-rich lipoprotein remnants is atherogenic, accounting for increased risk and progression of coronary artery disease (3) (4) (5) (6) (7) (8) . Although hypertriglyceridemia is closely associated with obesity and type FIGURE 4. Blood glucose and lipid metabolism in female ApoC3-transgenic mice. ApoC3-transgenic and WT littermates (female, n ϭ 5/group) were monitored for weight gain, glucose, and lipid metabolism for 7 months. A, plasma TG levels. B, plasma cholesterol levels. C, plasma NEFA levels. Plasma TG, cholesterol, and NEFA levels were determined under fasting conditions at 7 months of age. D, body weight. E, TG levels in VLDL fraction. F, cholesterol levels in VLDL, LDL, and HDL fractions. Aliquots (400 l) of plasma pooled from female ApoC3-transgenic and WT littermates (n ϭ 5, 7 months old) were fractionated by gel filtration in a FPLC system. Fractions (400 l) were eluted for the determination of TG and cholesterol levels in VLDL, LDL, and HDL fractions. G, fed blood glucose levels. H, fasting blood glucose levels. I, glucose tolerance test. Mice were fasted for 16 h, followed by intraperitoneal injection of 2 g/kg of glucose. J, insulin tolerance test. Mice were intraperitoneally injected with 1 IU/kg of insulin, followed by the determination of blood glucose profiles. Both glucose tolerance test and insulin tolerance test were performed at 7 months of age. *, p Ͻ 0.05 and **, p Ͻ 0.005 versus WT. FIGURE 5. Effect of hypertriglyceridemia on beta cell and function in ApoC3-transgenic mice. Mice (male, 7 months old, n ϭ 8/group) were sacrificed after 16 h fasting at 7 months of age. Pancreas tissues were procured and subjected to anti-insulin and anti-glucagon immunohistochemistry (A and B). C, islet size. D, beta cell mass. E, alpha cell mass. F, pancreas weight. G, beta cell mRNA profiles. Beta cell-specific mRNA levels of key genes involved in insulin synthesis and secretion as well as beta cell glucose sensing and insulin signaling were determined by real-time RT-PCR analysis, using 18S RNA as control. Bar, 50 m.
2 diabetes, it remains unclear whether hypertriglyceridemia per se is a causative factor for beta cell dysfunction. Answering this fundamental question is challenged by the fact that hypertriglyceridemia is commonly intertwined with hyperglycemia and insulin resistance in obesity and type 2 diabetes. To overcome this limitation, we took advantage of ApoC3-transgenic mice with genetic predisposition to hypertriglyceridemia without altered glucose metabolism. Therefore this model allowed us to determine the role of hypertriglyceridemia in regulating beta cell mass and function in the absence of the confounding factors, namely hyperglycemia and insulin resistance.
We showed that ApoC3-transgenic mice, as opposed to WT littermates, exhibited markedly higher plasma triglyceride levels, accompanied by significant elevations in plasma cholesterol and NEFA levels. These effects ensued independently of body weight and glucose metabolism, as both ApoC3-transgenic and WT littermates maintained similar weight gain and euglycemia under both fed and fasting conditions. In response to the glucose challenge, both ApoC3-transgenic and WT littermates had similar blood glucose profiles, correlating with similar amplitudes of glucose-stimulated insulin secretion. Likewise, both groups of mice maintained the same levels of insulin sensitivity, as determined by a insulin tolerance test and HOMA-IR. We recapitulated these findings in both male and female ApoC3-transgenic versus WT littermates. Furthermore, we showed that ApoC3-transgenic mice had similar islet size as well as beta cell and alpha cell masses, as determined by antiinsulin and anti-glucagon immunohistochemistry. These effects correlated with the lack of changes in beta cell expression of key factors involved in beta cell glucose sensing (gck and glut2), insulin signaling (irs1 and irs2), and insulin synthesis/ secretion (pdx1, mafa, neurod, and foxa2) in ApoC3-transgenic versus WT littermates. Thus, despite the persistence of severe hypertriglyceridemia, ApoC3-transgenic mice maintained normal beta cell mass and function with normal glucose metabolism and insulin sensitivity.
In keeping with our findings, Kozlitina et al. (49) reported that there is a lack of association between hypertriglyceridemia and insulin resistance in human subjects with genetic APOC3 variants. Although this study did not assess beta cell mass and function, fasting levels of blood glucose and plasma insulin as well as HOMA-IR index were normal in the cohort with APOC3 variants. Reaven et al. (50) showed that hypertriglyceridemic ApoC3-transgenic mice are neither insulin resistant nor hyperinsulinemic. These results together with our data argue against the notion that hypertriglyceridemia is an independent risk factor for beta cell dysfunction.
Our studies are at variance with Avall et al. (51) , who reported that adenovirus-mediated ectopic ApoC3 production resulted in beta cell apoptosis and dysfunction in MIN6 cells and islets. However, the physiological significance of this study is uncertain, as islet cells are not the cell type responsible for endogenous ApoC3 production. On the other hand, the major findings derived from this study are contradicted by Størling et al. (52) , who showed that supplementation of ApoC3 proteins somewhat attenuated proinflammatory cytokine-induced beta cell apoptosis in primary rat islets in culture.
In conclusion, we demonstrated that hypertriglyceridemia alone did not act as an independent factor for instigating beta cell dysfunction in ApoC3-transgenic mice. Furthermore, we showed that the prevailing hypertriglyceridemia did not exacerbate the effect of hyperglycemia on beta cell function and accelerate the development of diabetes in STZ-treated ApoC3-transgenic mice. These results suggest that hypertriglyceridemia, which is a major therapeutic target for reducing cardiovascular risk, may not be a primary target for preserving functional beta cell mass in obesity and type 2 diabetes. However, we must acknowledge that our studies could not preclude the possibility that hypertriglyceridemia could compound the impact of hyperglycemia and insulin resistance in combination on beta cell function. The resulting combinatory effect, termed "glucolipotoxicity," is known to elicit beta cell oxidative stress and cause beta cell dysfunction in type 2 diabetes (53) (54) (55) (56) . Therefore, further studies are warranted to address whether hypertriglyceridemia would aggravate the deleterious effect of hyperglycemia and insulin resistance on beta cell mass and function in ApoC3-transgenic mice. 
